dependent Na ϩ channels. Open K ϩ channels would be counterproductive to such electrical activity, and conveniently because they rectify, IRK channels are effectively shut off.
In this study, we set out to understand the structure of IRK channels. Why do they rectify and how might G richia coli (see Experimental Procedures). Some of these constructions expressed protein at a low yield, some protein subunits control their gating? To begin to address these questions, we have determined the atomic produced aggregated protein, others yielded crystals with disorder, while finally, some gave high-quality difstructure formed by the N-and C termini of the GIRK1 K ϩ channel by X-ray crystallography. We have discovfracting crystals. In a search for suitable crystals, a total of 20 constructions were assessed, each with a different ered that IRK channels have a unique pore that gives rise to their special property of inward rectification. The starting point, end point, or N-to-C linker. The structure was determined from a protein in which the N terminus structure also has implications for how G protein subunits might interact with GIRK channels. from residue 41-63 was linked directly to the C terminus from residue 190-371. Figure 2A ) and residue 63 followed by amino acids channels mainly in the sequence of their intracellular N-190-370 (green segment, Figure 2A ) and 140 water moleand C termini. A sequence alignment of four IRK chancules. In two regions, amino acid segments 217-222 nels is shown in Figure 2A . Each of these is gated by and 303-309, electron density was weak due to local different intracellular biochemical stimuli (e.g., the binddisorder. We think that these regions normally interact ing of G protein subunits in the case of mGIRK1). Of with the transmembrane pore, which is absent in our note is the high sequence conservation among these structure. The model has been refined with good geomechannels not only within the membrane-spanning retry to an R free of 25.3% and an R work of 23.1%. gion, but also for much of the length of both intracellular termini. The conservation begins at the N terminus approximately 40 amino acids preceding the first transStructure of the Cytoplasmic Pore The crystal structure shows that a single subunit, conmembrane (outer) helix and continues into the C terminus for nearly 200 amino acids following the second sisting of N-and C-terminal segments (Figures 2 and 3 , red and green, respectively) forms a globular, mainly ␤ transmembrane (inner) helix. These conserved intracellular N-and C termini, which comprise two thirds of the sheet protein (␤A through ␤N) with a protruding ␣ helix (␣A). The basic topology of the structure, defined by K ϩ channel subunit, are present in all IRK channels and help to define IRK channels as a unique subclass of K ϩ two ␤ sheets (strands ␤B, ␤C, ␤G and strands ␤D, ␤E, ␤F, ␤H, ␤I), is found in many proteins including immunochannels.
The large N-and C-terminal sequences of IRK changlobulins and arrestin (www.ebi.ac.uk/dali). The N terminus interacts with the C terminus through a short parallel nels form a special structure at the intracellular surface of the cell membrane. To determine what this structure ␤ sheet formed between ␤A and ␤M. An interesting and not surprising aspect of the strucis, we expressed constructions of linked N-and C termini from mGIRK1 in the soluble protein fraction of Escheture is that it forms a tetramer of identical subunits with (dispersive) ϭ ⌺|⌬ iso (obs) Ϫ ⌬ iso (cal)|/⌺⌬ iso (obs) for centric reflections, where ⌬ iso is the isomorphous difference between native and derivative. 1 data were used as native. e 1 data were used for refinement, in which reflections over 2 were included. f Bijvoet pairs were treated as separate reflections. g R factor ϭ ⌺|F(obs) Ϫ F(cal)|/⌺F(obs). 5% of the total reflections were used for R free calculation. h Rmsd ϭ root-mean-square deviations. 5B). This charge distribution will have the effect of concentrating K ϩ ions in this region of the pore, favoring an increased conductance. The negative electrostatic potential (red, Figure 5A ) and specific distribution of charged residues on the cytoplasmic pore lining ( Figure  5B ) also creates the opportunity for impermeant cations docked the transmembrane pore of the MthK K ϩ channel onto the cytoplasmic pore of the GIRK K ϩ channel (Figure 6A) . The two tetramers were aligned with respect to
The resulting pore geometry is outlined in Figure 6B : a K ϩ ion would have to diffuse roughly 30 Å to cross the their 4-fold axis and then moved relative to one another in order to bring the ends of the transmembrane subunits cell membrane and another 30 Å to escape free into the cytoplasm. Over its almost 60 Å journey, a K ϩ ion would close to the start of the cytoplasmic pore's C-terminal segments. Based on sequence alignments, we expect be dehydrated for only 12 Å while in the selectivity filter, but otherwise the wide pore diameter (7-15 Å ) would there to be only about five amino acids missing between these two points of connection. Therefore, there is no allow the K ϩ ion to remain hydrated. Mutational studies have identified several amino acids ambiguity concerning which face of the cytoplasmic pore joins the transmembrane pore, and the two units that influence the conductance of K ϩ ions through IRK channels and the affinity of intracellular pore blockers must fit tightly together. Although our docking procedure is approximate, we think it provides a fairly accu- . The basic structure of the cytoplasmic pore and its negative charge, it probably cytoplasmic pore that we have determined is common to contains on average one or more K ϩ ions. Due to the all members of the IRK channel family, whether G proabsence of specific K ϩ coordination sites in this region tein-gated or not. But certain detailed features of the (in contrast to the K ϩ selectivity filter) K ϩ ions in the structure are specific to GIRK channels, and we think cytoplasmic pore are more likely to be delocalized. Nevertheless, when a polyamine molecule enters from the may be related to their regulation by G proteins. To understand how such regulation occurs, we ultimately Although the C terminus comprises most of the structure, expression of the C terminus by itself never yielded must solve the structure of a complex with G-␤␥, but even at this point insights can be gleaned from the apo a soluble protein product; both termini are required. In the cell membrane environment, it is known that GIRK structure.
On the basis of structural considerations, we anticichannels are expressed and function as heteromultimers of two similar but nonidentical subunits (Krapivinpate that the four ␣A-helical prongs, which project curiously into the cytoplasm, are most likely present to medisky et al., 1995). Obviously, the single subunit type expressed in our study was sufficient to produce a stable, ate protein-protein interactions. Although they are solvent accessible, their C-terminal half is hydrophobic.
intact structure. The evidence that this structure is native-like is good. First and foremost, the cytoplasmic In the crystal lattice, these hydrophobic surfaces are satisfied through packing against neighboring tetrapore turns out to be a 4-fold symmetric tetramer and, thus, it is symmetry-matched with the known structures mers, but in the cell the helices probably interact with other proteins. Structure-based sequence analysis is of the transmembrane pore. Second, the structure is in excellent agreement with many functional and mutaalso informative. The amino acid sequence conservation among different members of the IRK channel family ends tional studies from numerous laboratories showing that mutations within the C terminus influence the affinities just after ␤N, the point where the cytoplasmic pore structure is completed and the ␣A helix begins ( In its detail, the cytoplasmic pore structure is really 3.4), the ␣A helix sequence is conserved, as one might expect if the function of this helix is to interact with G quite remarkable. It doubles the length of the ion pathway, and although it is wide enough in diameter to allow protein subunits.
Although speculative, it is interesting to look at the a K ϩ ion to remain hydrated, it is best described as a long tunnel or pore rather than a wide vestibule. Together with crystal structure of G-␤␥ in complex with phosducin, a G-␤␥ binding protein from photoreceptors ( Figure 7B) the inner pore-the wide part of the transmembrane pore on the intracellular side of the selectivity filter-the cyto-(Gaudet et al., 1996). Phosducin has a globular structure and an ␣ helix that extends from its surface and makes plasmic pore creates in IRK channels a pore that is nearly 50 Å long, leading from the cytoplasm up to the extensive contacts with the G-␤ subunit. The orientation of the ␣ helix in phosducin is opposite to the ␣A helix selectivity filter. We propose that this pore, with its blocking ion binding sites, is the reason why IRK chanin GIRK, but nevertheless the structural similarity is suggestive. The comparison gains strength in light of G-␤ nels rectify. Given the atomic structure, with further mutagenesis it should be possible to explain differences mutations that have been shown to affect GIRK channel activation ( 
Experimental Procedures
In the present study, we docked the cytoplasmic pore onto the MthK (opened) channel because it seems to fit 
